The spliceosome is assembled via sequential interactions of pre-mRNA with five small nuclear RNAs and many proteins. Recent determination of cryo-EM structures for several spliceosomal complexes has provided deep insights into interactions between spliceosomal components and structural changes of the spliceosome between steps, but information on how the proteins interact with pre-mRNA to mediate the reaction is scarce. By systematic analysis of proteins interacting with the splice sites (SSs), we have identified many previously unknown interactions of spliceosomal components with the pre-mRNA. Prp8 directly binds over the 5 SS and the branch site (BS) for the first catalytic step, and the 5 SS and 3 SS for the second step. Switching the Prp8 interaction from the BS to the 3 SS requires Slu7, which interacts dynamically with pre-mRNA first, and then interacts stably with the 3 -exon after Prp16-mediated spliceosome remodeling. Our results suggest that Prp8 plays a key role in positioning the 5 SS and 3 SS, facilitated by Slu7 through interactions with Prp8 and substrate RNA to advance exon ligation. We also provide evidence that Prp16 first docks on the intron 3 tail, then translocates in the 3 to 5 direction on remodeling the spliceosome.
INTRODUCTION
Pre-mRNA splicing proceeds via a two-step transesterification reaction. The reaction is catalyzed by the spliceosome, which is assembled by sequential binding of five snRNAs and numerous protein factors to the pre-mRNA (1-3). During spliceosome assembly, U1 and U2 bind to the 5 splice site (5 SS) and the branch site (BS), respectively, and form base pairs with the conserved splice site sequence to form the prespliceosome. Following binding of the U4/U6.U5 tri-snRNP, the spliceosome undergoes a dramatic structural rearrangement, releasing U1 and U4, and forming new base pairs between U2 and U6, and U6 and the 5 splice site, to form the activated spliceosome.
RNA base pairings play roles in the recognition of splice sites by snRNAs, and also form the framework of the catalytic center of the active spliceosome. The structure is stabilized by protein factors. While components of U1 and U2 snRNPs play roles in stabilizing the interaction of U1 and U2 with the pre-mRNA, a protein complex associated with Prp19, named the NineTeen complex (NTC), is required for stabilizing the association of U5 and U6 with the spliceosome by promoting specific interaction of U5 and U6 with the pre-mRNA during spliceosome activation (4) . NTC remains stably associated with the spliceosome until completion of the reaction, and can serve as a marker for postactivation spliceosomes (5, 6) .
Structural changes of the spliceosome are mediated by members of the DExD/H-box RNA helicase family, which utilize energy from ATP hydrolysis to unwind RNA duplexes or to remodel ribonucleoprotein complexes (7, 8) . Two DExD/H-box proteins, Prp2 and Prp16, are required during the catalytic phase. After activation of the spliceosome, Prp2 promotes destabilization of the U2 component SF3a/b (9, 10) to allow binding of Cwc25, which is required for the first reaction (9, 11) . Cwc25 becomes stably associated with the spliceosome after the reaction, and requires Prp16 for its displacement before the second reaction can take place (12) . Another protein factor, Yju2, which is required for the recruitment of Cwc25 to the spliceosome, is also displaced (12, 13) . After the removal of Yju2 and Cwc25, Slu7 and Prp18 are required to promote the second reaction (12) . Upon completion of the reaction, mature mRNA is first released from the spliceosome, catalyzed by Prp22 (14) , and the spliceosome is then disassembled into its separate components. In the yeast Saccharomyces cere-visiae, disassembly of the spliceosome is mediated by the NTR protein complex, comprising Ntr1, Ntr2, Cwc23 and the DEAH-box protein Prp43 (15) (16) (17) (18) .
Recent determination of cryo-EM structures for several spliceosomal complexes has revealed the arrangement of protein and RNA components on spliceosomes at different catalytic stages (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) , but provided little information on how protein components mediate positioning of the 3 splice site (3 SS) for exon ligation since only limited premRNA sequence was observed. By systematic site-specific crosslinking analysis of proteins to RNA sequences across the splice sites for spliceosomes arrested at specific stages of the splicing pathway, we were able to elucidate changes in protein-RNA interactions along the pathway. Most of the proteins binding around the 5 SS do not significantly change their interaction modes throughout the catalytic phase. Prp8 was seen to crosslink to the 5 -exon near the splice junction, and Snu114, Cwc22 and Cwc21 crosslinked to positions further upstream at around position -20 5 SS . Proteins crosslinked to the intron sequences include Cwc2, Ecm2 and several NTC components. By contrast, proteins that bind to the BS-3 SS region show substantial changes between steps. On the B act complex, U2 component Hsh155 was seen to crosslink across the BS. After Prp2-mediated remodeling of the spliceosome, Prp8 replaces Hsh155 to crosslink across the BS, but switches its interaction to the 3 SS after Prp16-mediated spliceosome remodeling. Our results show that Prp8 directly binds over the 5 SS and the BS during the first catalytic step, and over the 5 SS and 3 SS during the second step.
Step one factor Cwc25 only crosslinked to the BS downstream region during the first step, and step two factors Slu7 and Prp22 crosslinked to both the intron and 3 -exon flanking the Prp8 crosslinked site. We also found that Slu7 dynamically interacts with the intron 3 tail (i3 T) after Prp2-mediated spliceosome remodeling and throughout the catalytic phase. Such interactions might facilitate positioning of the 3 SS at the active site for exon ligation. Our results suggest that Prp8 is the key player in positioning the splice sites to promote catalysis, while step one and step two factors facilitate or stabilize the interactions of Prp8 with the splice sites to promote the reactions.
MATERIALS AND METHODS

Yeast strains
The following yeast strains were used: BJ2168 MATa prc1 prb1 pep4 leu2 trp1 ura3 YSCC024 MATa prc1 prb1 pep4 leu2 trp1 ura3 HSH155-HA YSCC22 MATa prc1 prb1 pep4 leu2 trp1 ura3 PRP22-4V5 YSCC25 MATa prc1 prb1 pep4 leu2 trp1 ura3 CWC25-HA YSCC701 MATa prc1 prb1 pep4 leu2 trp1 ura3 SLU7-V5 YSCC8-1 MATa prc1 prb1 pep4 leu2 trp1 ura3 LEU2::GAL1-PRP8, pRS314.PRP8.ZZ.TEV970 YSCC8-2 MATa prc1 prb1 pep4 leu2 trp1 ura3 LEU2::GAL1-PRP8, pRS314.PRP8.ZZ.TEV1281 YSCC8-3 MATa prc1 prb1 pep4 leu2 trp1 ura3 LEU2::GAL1-PRP8, pRS314.PRP8.ZZ.TEV1413 YSCC8-4 MATa prc1 prb1 pep4 leu2 trp1 ura3 LEU2::GAL1-PRP8, pRS314.PRP8.ZZ.TEV1503
YSCC8-5 MATa prc1 prb1 pep4 leu2 trp1 ura3 LEU2::GAL1-PRP8, pRS314.PRP8.ZZ.TEV1673
Antibodies and reagents
Anti-V5 antibody was purchased from Serotec Inc. Anti-HA antibody was produced by immunizing mice with a keyhole limpet hemocyanin (KLH)-conjugated HA peptide (unpublished). Anti-Prp16, anti-Prp22, anti-Prp8, antiNtc20, anti-Yju2, anti-Cwc2 and anti-Cwc25 polyclonal antibodies were produced by immunizing rabbits with fragments or full-length recombinant Prp16 (1-298), Prp22 (1-484), Prp8 (1-115), Ntc20, Yju2, Cwc2 and Cwc25 proteins, respectively. Dinucleotide 4-thio-UpG was purchased from Dharmacon. SP6 RNA polymerase was purchased from Promega, RNase P1 from Sigma, and RNasin and T4 RNA ligase 2 from Enzymatics. Protein A-Sepharose CL-4B and IgG Sepharose were purchased from GE Healthcare. Complete, EDTA-free Protease Inhibitor Cocktail was purchased from Roche. TEV protease with a mutation (Ser219Asn) at the internal self-cleavage site was a kind gift of Hung-Ta Chen (Institute of Molecular Biology, Academia Sinica).
Splicing extracts and substrates
Splicing extracts were prepared according to Cheng et al. (32) . The pre-mRNA substrates were prepared by in vitro transcription with SP6 RNA polymerase. EcoRI-linearized pSP64-88 plasmid was used as the template for preparation of regular actin substrate. We adapted the method of Sontheimer for preparation of 4sU-labeled pre-mRNA substrates (33) . DNA templates were generated by polymerase chain reaction (PCR) using pSP64-88 plasmid as a template. Primers used for PCR are listed in Supplemental Table S1. For preparation of the 5 RNA fragment, transcription reactions were performed in 40 mM Tris-HCl (pH 7.9), 6 mM MgCl 2 , 2 mM spermidine, 10 mM NaCl, 10 mM DTT, 2 units/l RNasin, 0.5 mM each of the four NTPs, 6.6 nM of ␣-32 P-UTP (3000 Ci/mmole), 60 nM DNA template and 1.9 units/l SP6 RNA polymerase. For preparation of the 3 fragment, transcription reactions were performed under the same conditions with the addition of 2.5 mM 4sUpG dinucleotide. The RNA fragments were all purified by electrophoresis on 5% polyacrylamide gels. The 3 fragment was phosphorylated with 32 P at the 5 -end using T4 polynucleotide kinase in a 10 l reaction containing 2 M of the RNA fragment. For ligation of the 5 and 3 fragments, 10 l of the phosphorylated 3 fragment was mixed with 10 l of 6 M 5 fragment, 1.25 l of 32 M DNA splint, and 2.5 l of 1M Tris-HCl (pH 7.4) to make a final volume of 24 l. Pre-mRNA with 4sU labeled at the +4 5 SS position was generated by 3-fragment-ligation of the 5 fragment, RNA oligo R2 and the 3 fragment together with the DNA splint at a ratio of 4:2:4:3. The mixtures were incubated at 65
• C for 20 min, shifted to 37
• C for 15 min, and then 25
• C for 20 min. After addition of 11.5 l dH 2 O, 1.25 l of 16 mM ATP, 7.5 l of 50% PEG-8000, 1 l of RNasin, and 5 l of T4 RNA ligase 2, the mixtures were incubated at 37
• C for 2 h. The ligated products were purified by electrophoresis on 5% denaturing polyacrylamide gels.
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Immunoprecipitation and immunodepletion
Immunoprecipitation of the spliceosome was performed as described (5) . For each 10-20 l of splicing reaction mixtures, 10 l of protein A-Sepharose (PAS) conjugated with 1.5 l of anti-Ntc20 antibody or 5 l of anti-Prp16 antibody was used. For precipitation of the Slu7-V5-or Cwc25-HAassociated spliceosome, 1 l of anti-V5 antibody or 15 l of anti-HA antibody was used, respectively. For depletion of specific proteins from 100 l of yeast extracts, 12.5 mg of PAS was swollen in NET-2 buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% NP-40) to make a bed volume of 50 l, and this was used for conjugation with specific antibodies. For depletion of Prp16, Spp2 and Yju2, 50 l of anti-Prp16, 200 l of anti-Spp2 and 120 l of anti-Yju2 antibodies were used, respectively. For co-depletion of Slu7 and Prp22, 50 l of anti-Slu7 antiserum and 1.3 g of purified anti-Prp22 antibody were used. Each 100 l of extracts was incubated with antibody-conjugated PAS at 4
• C for 1 h, and supernatants were collected as depleted extracts.
Crosslinking analysis
Splicing reactions were carried out with 0.4 nM of 4sU-labeled actin pre-mRNA in the presence of 0.4 U/l RNasin. The reaction mixtures were spread onto a piece of parafilm overlaid on an ice-cold aluminum block and irradiated with UV 365nm for 10 min at a distance of ∼2 cm using a hand UV Lamp (Model UVGL-25, UVP Inc.). Spliceosomes were incubated with specific antibodies conjugated to protein A-Sepharose. The precipitated spliceosomes were incubated at 37
• C for 30 min following addition of an equal volume of solution containing 0.06 U/l RNase P1 and 6× Complete, EDTA-free Protease Inhibitor Cocktail (2X P1/CPI) before analyzing on SDS-PAGE. For immunoprecipitation of specific proteins, splicing reaction mixtures were treated with P1/CPI as described above, and then denatured by heating at 100
• C for 1.5 min in 1% SDS (w/v), 1% Triton X-100 (v/v) and 100 mM DTT. After centrifugation to remove insoluble materials, the mixtures were diluted 10-fold with a cold buffer containing 50 mM Tris-HCl (pH 7.5), 300 mM NaCl and 0.05% NP-40, and subjected to immunoprecipitation. The precipitates were treated with P1/CPI, and then analyzed by SDS-PAGE.
Mapping of crosslinked sites on Prp8
Splicing was carried out in extracts prepared from ZZtagged Prp8 strains with a TEV cleavage site inserted at various positions (34) using actin ACAC pre-mRNA with 4sU-labeled at the +8 or +37 position of the branch site. Following UV irradiation and P1/CPI treatment, Prp8 was pulleddown with a 1 2 volume of IgG-Sepharose. The precipitates were washed three times with NET-2 buffer and once with NET-2 supplemented with 5 mM DTT, and then incubated at 18
• C for 30 min upon addition of 0.4 g TEV protease per 10 l beads. The precipitates were further treated with P1/CPI and washed four times with a buffer containing 50 mM Tris-HCl (pH 7.4), 300 mM NaCl, 0.1% SDS and 0.1% Triton X-100 before fractionation by 6% SDS-PAGE.
RESULTS
To understand how proteins mediate structural changes of the spliceosome through interactions with pre-mRNA, we systematically analyzed crosslinking of proteins to the pre-mRNA at various stages of the splicing cycle. Splicing was arrested at different stages by depletion of specific factors from splicing extracts in the following ways: (i) depletion of Spp2 for post-activation (B act ); (ii) depletion of Yju2 for the pre-catalytic stage (B * ); (iii) depletion of Prp16 for post-first-reaction (C); (iv) adding dominant-negative Prp16 mutant D473A protein to the splicing reaction for the Prp16-associated spliceosome (C1) (12, 35) ; (v) using 3 splice site mutant ACAC pre-mRNA for pre-secondreaction (C * ) and (vi) adding dominant-negative Prp22 mutant S635A protein to the splicing reaction for post-secondreaction (P) (36) (37) (38) (Figure 1 ). Actin pre-mRNAs were synthesized with a single nucleotide being replaced with 4-thiouridine (4sU) for several positions around the 5 SS, BS and 3 SS. Substrates were prepared in such a way that each pre-mRNA molecule contained only one 32 P at the 5 -end of the 4sU residue, ensuring that the crosslinked proteins would be labeled with 32 P after digestion of crosslinked products with RNase P1. Several transcripts had one or two downstream nucleotides also changed to purines to increase the yields of transcripts synthesized by SP6 RNA polymerase (Supplementary Figure S1 ). Splicing reaction mixtures were irradiated with UV 365nm , and then precipitated with specific antibodies. After RNase P1 treatment, total precipitated proteins were analyzed by SDS-PAGE. To identify specific crosslinked proteins, reaction mixtures were first treated with RNase P1 following UV-irradiation, and then treated with denaturant before immunoprecipitation ( Figure 2A ). A summary of the results is shown in Figure  2B .
Identification of proteins crosslinked to the intron 3 tail during the first catalytic step
The B act complex was isolated using anti-HA antibody by assembling the spliceosome in Spp2-depleted Hsh155-HA extracts. Hsh155 was seen to crosslink across the branchpoint ( Figure 3A and Supplementary Figure S2A) , and the pre-mRNA retention and splicing complex (RES) components, Bud13, Pml1 and Snu17, crosslinked in the downstream region between positions +22 BS to +37 BS ( Figure  Supplementary Figure S2B ), in agreement with previous reports (39) (40) (41) . A strong crosslink from the +18 BS position toward the 3 SS of an unidentified protein of around 65-kD was also seen in the B act complex, and persisted through the first step (see below). A major change in the crosslinking pattern was seen after Prp2-mediated remodeling of the spliceosome due to the release of the SF3 and RES complexes. In the B * complex, isolated by anti-Ntc20 antibody precipitation of spliceosomes assembled in Yju2-depleted extracts, Prp8 replaced Hsh155 to interact with the BS with strong crosslinking at positions +3 BS to +12 BS ( Figure 3B and Supplementary Figure S3A ). Prp45 was observed to crosslink at positions +8 BS to +37 BS in the i3 T (Supplementary Figure S3B ). Interestingly, step 2 factors Prp22 and Slu7 were also seen to crosslink to the same region as Prp45 (Supplementary Figure S3B and S3C ), indicating that they can enter the spliceosome and contact pre-mRNA at a much earlier stage, i.e., before they are required for action.
After the first reaction, Prp8 continued interacting with the branch site in the absence of Prp16 (as in complex C, Figure 3C and Supplementary Figure S3D) , or with Prp16 bound using a dominant-negative D473A mutant (complex named C1, Figure 3D ) (35, 37) , except that crosslinking at the +3 BS position was extensively weakened. Prp45 and Slu7 continued interacting with the same region of the i3 T in the C and C1 complexes, but interactions of Prp22 appeared to be excluded from the branch site ( Figure 3C and D) . We also observed weak crosslinking of Cwc25 at the +12 BS and +18 BS positions (Supplementary Figure S3D) . Cwc25 was previously shown to crosslink to the +3 BS position (42) , and indeed could be detected to crosslink at the +3 BS position on longer exposure of the film. This finding indicates that the primary Cwc25 interacting site is between positions +12 BS and +18
BS . In the C1 complex, Prp16-D473A presented strong crosslinks to the region from position +18 BS toward the 3 SS ( Figure 3D and Supplementary Figure S3E) , which may represent the docking site of Prp16 on the i3 T to mediate the release of Yju2 and Cwc25 from the catalytic center. These data reveal an ordered arrangement of Prp8, Cwc25 and Prp16 interactions with the i3 T.
A Slu7-dependent switch of Prp8 binding site from the BS to the 3 SS prior to exon ligation
The splicing reaction carried out with ACAC premRNA is blocked for the second catalytic reaction, with Slu7/Prp18/Prp22 stably bound to the spliceosome and forming the C * complex, which represents the structure immediately before exon ligation. The C * complex was assembled in Prp22-V5 extracts and selected with anti-V5 antibody. Prp8 was found to crosslink near to the 3 SS from positions +25 BS to +37 BS ( Figure 3E , Supplementary  Figures S4A and S4B ), indicating that Prp8 switched its interaction from the BS to the 3 SS prior to exon ligation. Strong crosslinking of Prp22 at position +8 BS and weak crosslinking of Slu7 at +12 BS were also detected ( Figure  3E and Supplementary Figure S4C ). All three proteins continued interacting with the same regions of the i3 T after exon ligation, as observed in the P complex selected with anti-V5 antibody from splicing reactions performed in the presence of V5-tagged Prp22 dominant-negative S635A mutant protein ( Figure 3F, Supplementary Figures  S4D and E ). Unlike at previous stages when several other proteins were also seen to crosslink to the i3 T, only Prp8, Slu7 and Prp22 were detected in the C * and P complexes, with an additional unidentified 20-kDa protein at position +25 BS in the P complex. Prp22 was previously shown to bind to the i3 T after Prp16-mediated remodeling of the spliceosome, and then to translocate to the 3 -exon after exon ligation to promote mRNA release (40, 43) . However, the excised intron-lariat was still protected from oligo-directed RNase H cleavage (43) . Consistently, we found that Prp22, as well as Slu7, continued to interact with the i3 T after exon ligation.
To determine whether Slu7/Prp18/Prp22 are required for switching the Prp8-interacting site, we depleted Slu7 and Prp22 from the extract and isolated the spliceosome with anti-Ntc20 antibody (complex named C2). We found that Prp8 remained interacting with the BS, as in the C complex ( Figure 3G ), indicating a requirement for Slu7/Prp18/Prp22 to direct Prp8 to the 3 SS. Depletion of Prp22 alone did not prevent crosslinking of Prp8 to the 3 SS (data not shown), suggesting that Slu7 is the major player in mediating the switch. Interestingly, in the absence of Slu7/Prp18/Prp22, strong crosslinking of Prp16 was also observed in the region from the +8 BS to +25 BS positions (Supplementary Figure S5A) , as opposed to from +18 BS to +37 BS for prp16-D473A ( Figure 3D ), suggesting movement of Prp16 from its docking site toward the BS under ATP hydrolysis. Without crosslinking, Prp16 was not observed as being stably associated with the spliceosome (Supplementary Figure S5B ) unless ATP was depleted prior to immunoprecipitation, indicating that the intermediates could only be captured by crosslinking. The action of Prp16 results in the removal of Cwc25 and Yju2 from the active site of the spliceosome, and possibly also destabilization of the interaction of Prp8 with the BS either directly upon moving close to the BS, or indirectly by removing Cwc25 and Yju2 from the catalytic center.
The fact that Prp8 crosslinked to the intron toward the 3 SS in the C * and P complexes suggests that the Prp8-interacting site might extend to the 3 -exon. Indeed, Prp8, Slu7 and Prp22 all crosslinked to the 3 -exon in an array both before and after exon ligation (Figure 4 and Supplementary Figure S6 ). Prp8 crosslinked to positions +44 BS and +51
BS in both C * and P complexes, but had an additional crosslink at position +60 BS in the P complex. Prp22 had a strong crosslink at position +60 BS in the C * complex, and crosslinking was more evenly distributed from positions +51
BS to +66 BS in the P complex. Slu7 crosslinking was observed primarily at position +51 BS with an additional weaker crosslink at +60 BS for the P complex. Together, these results show that Prp8 binds over the 3 SS flanked by Slu7 and Prp22, suggesting that Prp8 plays a central role in positioning the 3 SS during exon ligation, while Slu7/Prp18/Prp22 may promote or stabilize the interaction of Prp8 with the 3 SS.
To establish whether Prp8 interacts with the BS and the 3 SS at different domains, we mapped the crosslinking sites on Prp8 using a TEV-tagged Prp8 system (34) . Splicing was carried out in extracts prepared from ZZ-tagged Prp8 strains with a TEV cleavage site inserted at various positions using actin ACAC pre-mRNA labeled with 4sU at the +8 BS or +37 BS position. Crosslinking at positions +8 BS and +37 BS was mapped to the same region of Prp8 on the C-terminal half of the linker domain between amino acid residues 1503 and 1673 ( Figure 5 ), which contains the 1585-loop and mutations that affect the first or second reaction (23, 44, 45) . The +37 BS position was seen to crosslink to additional sites downstream of the linker domain, possibly in the RH domain ( Figure 5C , lane 5). The 1585-loop is located near the catalytic center of the spliceosome in cryo-EM structures (21, 25) . Our results suggest that the 3 SS is already positioned at the catalytic center in the C * complex even though the reaction cannot proceed. Furthermore, this segment of Prp8 plays a central role in the alignment of the splice sites for catalysis, whereas Slu7/Prp18/Prp22 play an auxiliary role in the second step.
Identification of proteins crosslinked to the 5 splice site region
Prp8 has been shown to crosslink to the 5 SS, 3 SS and BS (34,40,46-52), but at which stage of the splicing pathway these interactions occur has not been established. We examined crosslinking at the 5 SS and found that Prp8 crosslinked to the 5 -exon throughout the catalytic phase and predominantly at the -2 5 SS position ( Figure 6A ) (53) . This strongly suggests that Prp8 plays a central role in the alignment of the 5 SS and BS in the first step and of the 5 SS and 3 SS in the second step. Snu114, Cwc22 and Cwc21 were seen to crosslink at positions -20 5 SS and -16 5 SS on the 5 -exon throughout the catalytic phase (Supplementary Figure  S7A) , in agreement with their observed location near the 5 SS in the cryo-EM structures (21, 26, 28) . At the -2 5 SS position, crosslinking of Cwc24 and Prp11 was also detected in the B act complex (53), as was crosslinking of Yju2 in the C complex ( Figure 6A and Supplementary Figure S7B) , indicating exchange of specific proteins interacting with the 5 SS during the first catalytic step.
A different set of proteins was found to crosslink to the intron sequences of the 5 SS ( Figure 6B ). As previously reported (54), Cwc2 was seen to crosslink near the 5 SS at the +9 5 SS and +12 5 SS positions throughout the catalytic phase (Supplementary Figure S8) , suggesting a role for Cwc2 in orchestrating the structure of the RNA catalytic center. Several NTC components were found to crosslink to the intron downstream of the 5 SS ( Figure 6B , C, Supplementary Figures S9 and S10), supporting a role for the NTC in stabilizing extended U6-5 SS interactions, as suggested previously (4). Interestingly, Ntc30 exhibits strong crosslinking at positions +9 5 SS and +12 5 SS only in the B * and C complexes, but also interacts with the intron over a broad sequence expanse further downstream ( Figure 6B and C). Ecm2 also interacts with a wide region downstream of the 5 SS, from positions +20 5 SS to +38 5 SS , and more prominently after Prp2-mediated spliceosome remodeling ( Figure 6C and Supplementary Figure S11) .
A model for positioning the 3 splice site at the catalytic center of the spliceosome
Based on our crosslinking data, the information from cryo-EM structures (21, 22, (24) (25) (26) 28) , and previous biochemical analyses (9, 10, 12, 13, 55, 56) , we propose a model for the transition from the first to the second catalytic step as shown in Figure 7 . interactions with exon-2 and Prp8. Prp22 docks on the i3 T, but is unable to get into the active site possibly due to hindrance by the RH domain. Consequently, crosslinking of Prp22 was observed only being close to the +8 BS position of the BS. Stalled at the gateway of the cavity, Prp22 interacts with both the i3 T and exon-2. No other proteins were detected to crosslink to the RNA between the two ends of the Prp22-crosslinked sites ( Figure 3E ). (vii) After exon ligation, the RH domain may rotate away to enlarge the cavity and destabilize the interaction with Slu7, allowing Prp22 to enter and disrupt the interaction between mRNA and Prp8 for the release of mRNA from the spliceosome.
DISCUSSION
By systematic crosslinking analysis using 4sU-labeled premRNA, we have identified protein-RNA interactions at the 5 SS and BS-3 SS regions at defined steps of the catalytic phase of splicing. Splicing was blocked at different stages by depletion of specific factors, addition of dominant-negative Prp16 or Prp22 mutant protein, or using 3 SS mutant ACAC pre-mRNA. Accumulated splicing complexes were then isolated after UV irradiation using antibodies against specific proteins. This resulted in isolation of seven distinct splicing complexes from the catalytic phase, despite whether all of them are true functional intermediates of the spliceosome cannot be concluded. Pre-mRNAs with a single 4sU labeled at 13 positions spreading around the 5 SS and 13 positions around the BS-3 SS region were synthesized for these experiments. The identity of crosslinked proteins was validated by immunoprecipitation of crosslinked products with specific antibodies, but only one or two representative positions from each cluster were analyzed. Although these analyses are not on quantitative basis, they provide an overview on how protein components interact with the splice sites and their surrounding sequences in mediating structural changes of the spliceosome during the two catalytic steps. It is worth noting that each base of pre-mRNA crosslinked to multiple proteins, and each protein crosslinked to multiple RNA residues, suggesting that pre-mRNA interacts with the spliceosome in a rather dynamic manner. This outcome explains why only limited pre-mRNA sequences were detected in cryo-EM structures. Our data revealed that most of the components that interact with the 5 SS, either with the 5 -exon or with the intron, interact with specific regions of the pre-mRNA constitutively throughout the catalytic phase, whereas substantial changes of protein-RNA interactions occur in the BS-3 SS region.
In the cryo-EM structures, the last few bases of the 5 -exon are located between the Prp8 N and L domains that show very little conformational change throughout the catalytic phase. In agreement, we observed Prp8 crosslinked to the -2 5 SS to -16 5 SS positions on the 5 -exon throughout the catalytic step. The 5 -exon is presumed to extend out through a channel enclosed by Snu114 and the MA3 and MIF4G domains of Cwc22 located on one surface of the spliceosome, but the RNA sequence was not seen (20) (21) (22) 24, 25, 28) . Consistently, we noted Snu114, Cwc22, Cwc21 and a protein of around 65-kDa of unknown iden- Figure 6 . Analysis of total crosslinked proteins at the 5 splice site. Splicing was carried out using actin ACAC pre-mRNA with 4sU labeled at indicated positions of the 5 -exon (A) or intron (B, C) sequences at the 5 SS in extracts depleted of Spp2 (B act ), Yju2 (B * ), Prp16 (C), or wild-type extracts (C * ). Following UV irradiation, spliceosomes were precipitated with anti-Ntc20 antibody, and analyzed by 12.5% (A) or 4-20% gradient (B, C) SDS-PAGE. tity crosslinked to the -16 5 SS and -20 5 SS positions on the 5 -exon. This suggests that the 5 -exon is highly dynamic in this region and can contact any of the four proteins. The 65-kD protein was not seen in cryo-EM structures. It may bind RNA only with low affinity, and can only be detected when crosslinked to RNA. Cwc22 is an eIF4G-like protein, and its human ortholog was shown to interact with the exonjunction-complex (EJC) core component eIF4IIIA for deposition of the EJC on the mRNA for nonsense-mediated mRNA decay (58) (59) (60) . The position of the Cwc22 crosslinking site conforms with the EJC binding site, supporting its proposed role as an adaptor in recruiting the EJC to the mRNA. In contrast, Cwc24, Prp11 and Yju2 all contact the -2 5 SS position of the 5 -exon only at specific stages. They are also only transiently associated with the spliceosome. Cwc24 and Prp11 were detected to crosslink at the -2 5 SS position in the B act complex, whereas Yju2 did so in the C complex. In the cryo-EM structures of the B act complex, Cwc24 and Prp11 were observed to interact with the first base of the intron (G1) (20) . In agreement, we have detected interactions of Cwc24 with G1 and U2 of the intron by UVcrosslinking, but only weakly with the 5 -exon (53), suggesting that crosslinking using 4sU-labeled pre-mRNA is much more efficient than UV-crosslinking. Prp11 has previously been shown to crosslink to the BS upstream region (41) , and can interact with both the 5 SS and BS in the B act complex (20) . Prp11 is displaced together with the SF3a/b and RES complexes upon Prp2 action, which presumably disrupts the interactions of SF3a/b and RES with sequences in the BS region. Structural change in the BS region is likely to impact interactions of components at the 5 SS, leading to dissociation of Cwc24.
Proteins crosslinked to the intron sequence near the 5 SS are primarily NTC and NTC-related components. No protein was detected to crosslink to the +4 5 SS position of the intron, possibly due to base pairing of the residue with U6 snRNA after spliceosome activation. Cwc2 was previously shown to contact the +15 5 SS position by UV-crosslinking (54). We observed crosslinking of Cwc2 at positions even closer to the 5 SS, i.e. at positions +9 5 SS and +12 5 SS , suggesting that Cwc2 may play a critical role in supporting the structure of the catalytic center of the spliceosome. Isy1/Ntc30 also showed strong crosslinking at positions +9 5 SS and +12 5 SS in the B * and C complexes of the first step. Consistently, the N-terminal region of Ntc30 was detected at the catalytic center of the spliceosome in the cryo-EM structure of the C complex (22, 25) . Although Ntc30 is not seen in any other cryo-EM structures, our results demonstrate that, like other NTC components, Ntc30 also interacts with a broad range of the intron sequences downstream of the 5 SS throughout the catalytic phase. This finding suggests that Ntc30 may interact with the spliceosome in a dynamic manner, and its N-terminal domain is stabilized when positioned close to the active site during the first step. Syf1/Ntc90, Cef1/Ntc85, Clf1/Ntc77 and Ecm2 were found to crosslink to positions +16 5 SS to +38 5 SS of the intron sequence, with this region previously having been shown to interact with the Lsm-binding site of U6 snRNA in an NTC-dependent manner (4) . On binding to the 5 SS downstream region, NTC components may promote the release of the Lsm complex from U6 and further stabilize the interaction of the pre-mRNA with the U6 3 tail. Whether NTC components also directly interact with U6 snRNA remains to be investigated.
Crosslinking in the i3 T region also underwent a major change after Prp2-mediated remodeling of the spliceosome. Prp8 replaces Hsh155 to interact with the BS upon the release of SF3a/b, and remains bound until Yju2 and Cwc25 are displaced after the first reaction. Prp8 then binds to the 3 SS while retaining interaction with the 5 -exon for exon ligation. These results suggest that the Prp8 protein plays a key role in positioning the 5 SS and the BS for lariat formation, and the 5 SS and 3 SS for exon ligation. Mapping of crosslinked sites identified a region of Prp8 between amino acid residues 1503 and 1673 in the linker domain that crosslinked to the +8 BS position of the C1 complex and to the +37 BS position of the C * complex. This region contains the 1585-loop located at the catalytic center of the spliceosome. This finding indicates that the BS and the 3 SS are positioned at the catalytic center of the C1 and C * complexes, respectively, and it is consistent with observations based on cryo-EM structures of the spliceosome C * complex, which show that the branch helix is oriented away from the catalytic center by 60Å and that an RNA fragment, likely containing the 3 SS and the 3 -exon sequences, is located at the catalytic center. An additional crosslinked site toward the C-terminal end of Prp8, possibly in the RH-domain, was also seen for the +37 BS position, presumably arising from the population of spliceosomes whose 3 SS had not yet been positioned at the catalytic center. These results suggest that during the second step, Prp16 mediates remodeling of the spliceosome not only to remove Yju2 and Cwc25 from the active site but also to destabilize the interaction of Prp8 with the BS, allowing the 3 SS to displace the BS for interaction with Prp8.
Prp16 was seen to crosslink to the i3 T from position +18 BS to the 3 SS when the dominant-negative ATPase mutant D473A was used in the splicing reaction. Similarly, the Prp2 helicase mutant S378L could crosslink to the i3 T in the same region of pre-mRNA, but requires more than 20 nt downstream of the branchpoint for crosslinking (61) . Both Prp2 and Prp16 interact with the C-terminal domain of Brr2, which has been shown to interact with many spliceosomal components, and might serve as the platform for recruiting proteins to the spliceosome (62). Prp2 was pro-posed to first interact with Brr2, and then to translocate to the i3 T of the pre-mRNA. Upon ATP hydrolysis, Prp2 can move in the 3 to 5 direction to displace SF3a/b (61). Conceivably, Prp16 may act in a similar way to displace Yju2 and Cwc25 from the active site. Supporting this notion, our data show that when splicing was performed in Slu7-depleted extracts, wild-type Prp16 could crosslink to a region of the i3 T much closer to the BS than could the D473A mutant, implicating ATP hydrolysis-driven movement of Prp16 from its docking site toward the BS. Moreover, the Prp16 crosslinked sites overlap with those of Prp8 near the BS. This result suggests that Prp16 may displace the Prp8-i3 T interaction on moving toward the BS, which then allows the 3 SS to enter the active site to interact with Prp8. Nevertheless, without crosslinking, Prp16 was not detected to associate with the spliceosome by immunoprecipitation unless ATP was depleted from the reaction mixture prior to immunoprecipitation, suggesting that Prp16 only weakly interacts with the spliceosome during cycles of ATP hydrolysis.
Both Slu7 and Prp22 interact with the i3 T near the BS at earlier stages before their functions are required. Crosslinking was detected as early as in the B * complex after Prp2-mediated remodeling of the spliceosome. Slu7 has previously been shown to facilitate the release of Yju2 and Cwc25 after the first reaction (55), consistent with its early association with the spliceosome. Slu7 interacts with the i3 T throughout the catalytic phase, with crosslinks also detected in the P complex. Judging from its weak but broad-range crosslinking, Slu7 might interact with the i3 T nonspecifically. In contrast, a strong crosslink of Slu7 at position +51 BS was observed in the C * complex, accompanied by switching of Prp8 crosslinking from the BS to the 3 SS. This finding suggests that Slu7 might interact strongly with the 3 -exon after Prp16-mediated spliceosome remodeling. Slu7 was seen to interact with the N, linker and RH domains of Prp8 in the cryo-EM structures of the C * complex, but not seen in those of the C complex (19, 21, (27) (28) (29) (30) , suggesting that Slu7 is not stably associated with the spliceosome before formation of the C * complex. Since Slu7 is required for switching the Prp8 crosslinking site, the interaction of Slu7 with the 3 -exon and/or with Prp8 might be important for the switch. It is conceivable that Slu7 may access the spliceosome through dynamic interactions with pre-mRNA sequences downstream of the BS to prepare for docking to the spliceosome. When the branch helix is moved away from the active site, the i3 T and Slu7 can enter the active site, allowing Slu7 to be deposited on the spliceosome upon interacting with Prp8. This may facilitate the interaction of Slu7 with the 3 -exon to promote or stabilize the interaction of Prp8 with the 3 SS.
Crosslinks of Prp8 to the BS region were observed primarily at positions +8 BS to +12 BS . A strong crosslink at the +3 BS position was also seen, but only in the B * and C2 complexes, which represent the spliceosome arrested at stages after SF3a/b and Yju2/Cwc25, respectively, are displaced. The crosslinked site on Prp8 was mapped to the same region containing the 1585-loop that crosslinks to positions +8
BS and +37 BS (data not shown). Conceivably, removing SF3a/b and Yju2/Cwc25 from the active site could create an open space at the catalytic center of the spliceosome, allowing the branch helix to move more freely into the active site in the case of the B * complex or to exit it for the C2 complex. This scenario would also enable the +3 BS residue to interact with Prp8. The presence of SF3a/b or Yju2/Cwc25 likely prevents +3
BS from interacting with Prp8 by sequestering the two elements or by restraining the conformation of the active site. Cryo-EM structures of the B act complex indeed reveal sequestering of the branch helix from the catalytic center by Hsh155/SF3b1 (20, 24) . In contrast, the branch helix is located at the active site with +3 BS positioned close to but not in contact with Prp8 in the cryo-EM structures of the C complex (22, 25) , suggesting that the active site of the spliceosome is structurally inflexible and prohibits free movement of the pre-mRNA.
Although cryo-EM structures of the spliceosome reveal detailed arrangements and interactions of the spliceosomal components, very little of the pre-mRNA sequences was observable due to the dynamic character of the pre-mRNA in these structures. How spliceosomal components interact with the pre-mRNA is not well elucidated, except for those at the conserved splice site sequences. By site-specific crosslinking analysis, we were able to visualize interactions of protein components with the pre-mRNA in the 5 SS, 3 SS and BS regions at various stages of the catalytic phase, even under conditions when the interactions are more dynamic, such as the interaction of Slu7, Prp22 and Prp16 with the i3 T. It is particularly valuable to reveal the interactions of those complexes in open conformational states (63) , such as the B * and C2 complexes, whose dynamic nature at the active site would make structural determination difficult.
